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Introduction
Treatment for patients with acute ischemic stroke (AIS) has recently made remarkable progress with the development of endovascular devices. Among these devices, stent retrievers have been able to achieve rapid recanalization and a high recanalization rate, thereby providing favorable outcomes for patients with AIS and major artery occlusion [1] . Endovascular thrombectomy up to 7.3 h after symptom onset is effective in patients with AIS [2] . Mechanical thrombectomy for patients with AIS who were known to be well 6-24 h earlier and had a mismatch between clinical deficits and infarction was reported to improve patients' outcome in the DAWN trial. [3] The DEFUSE 3 study showed significant benefits of mechanical thrombectomy compared with medical therapy alone for patients with AIS 6-16 h after stroke onset [4] . These results could widen the treatment indications for AIS.
When examining an AIS patient, it is critical to evaluate the ischemic penumbra as rapidly as possible. Current methods for ischemic penumbra evaluation include positron emission tomography (PET), single photon emission computed tomography, and contrast-enhanced perfusion imaging by computed tomography (CT) or magnetic resonance imaging (MRI). These methods, however, are costly, and the use of contrast medium sometimes poses risks of allergy and renal impairment. Although non-contrast MRI takes time compared with CT perfusion, MRI could provide hemodynamic information by adding arterial spin labeling and susceptibility-weighted imaging (SWI) [5, 6] . T2 Ã -weighted MR angiography (SWAN) is an imaging sequence term derived from GE Healthcare, and SWI is a term from Siemens. SWAN can also detect slight changes in susceptibility caused by microbleeding. Some authors have reported that a cortical vessel hypointensity sign on SWI or T2 Ã -weighted imaging (T2 Ã WI) in 3.0-T MRI can quickly and conveniently predict ischemic penumbra without contrast media [6] [7] [8] . We expect SWAN in 1.5-T MRI to detect hemodynamic insufficiency (which appears as hypointense areas in the medullary or cortical veins) as well as SWI or T2 Ã WI in 3.0-T MRI. Some authors reported that hypointense cerebral vessels seen on SWI within 24 or 72 h from symptom onset predicted infarct growth and a poor outcome [9, 10] . No reports, however, have shown the prognosis of lesions or clinical outcomes, with or without recanalization, for major artery occlusion during the hyperacute phase, especially within 6 h from symptom onset.
In this study, we investigated (1) whether there are any differences in SWAN-based or diffusion-weighted imaging (DWI)-based mASPECTS between the initial and follow-up MRI results regarding recanalization/no recanalization and atherothrombotic versus cardiogenic stroke; (2) whether a DWI-SWAN mismatch could predict infarct growth with or without recanalization; and (3) which variables affect clinical outcome.
Materials and methods

Ethical standards
All studies on humans described in this manuscript were carried out in accordance with national law and the Helsinki Declaration from 1964 (in its present revised form). The data were analyzed anonymously in this study.
Patients and clinical protocol
We retrospectively analyzed patients with AIS at our hospital from January 2012 to December 2014. Patients who showed acute major artery occlusion within 6 h from AIS onset were examined with MRI, including SWAN, DWI, and magnetic resonance angiography (MRA). We analyzed MRI at two stages: initial MRI (conducted at hospital admission) and follow-up MRI (conducted >24 h after AIS onset). Patients suffering from moyamoya disease or arterial dissection were excluded, as were patients in whom MRI or MRA assessments could not clearly determine acute recanalization within a few hours after initial treatment. The pathology in this study included occlusion of the internal carotid artery and or the M1 portion of the middle cerebral artery. Patients with other arterial occlusions were excluded.
To evaluate ischemic areas using SWAN and DWI, a modified Alberta Stroke Program Early CT Score (mASPECTS) was defined as follows: A total of 7 points were obtained for each of the M1, M2, M3, M4, M5, M6, and W portions of the vessel (Fig 1) [11, 12] . When the totals for the cortical and medullary veins on the occluded side were higher than on the normal side, we defined it as abnormal hypointensity in the SWAN evaluation. Hyperintensity for DWI was defined as abnormal intensity. When the occluded area showed abnormal intensity, a value of "1" was subtracted from 7 (a perfect mASPECTS). After calculating SWAN-and DWI-based mASPECTSs, we calculated the DWI-SWAN mismatch as subtraction of the initial SWANbased mASPECTS from the initial DWI-based mASPECTS. We then calculated infarct growth by subtracting the follow-up DWI-based mASPECTS from the initial DWI-based mASPECTS. One neurosurgeon and one neuroradiologist independently assessed the mASPECTSs for DWI and SWAN from MRI scans. When their decisions were discordant, another neurosurgeon made the final decision. Each observer judged the MRI findings in each area, and the inter-rater agreement was calculated. We defined the arterial occlusive lesion (AOL) score of 2-3 as recanalization because collateral flow could affect the fate of the tissue in the recanalization group. The AOL score was defined using MRA source images or digital subtraction angiography. In patients without digital subtraction angiography, MRA was performed approximately 1 h after initial treatment to assess acute recanalization.
A favorable outcome was defined as grades 0-2 by the modified Rankin Scale (mRS). The correlations between the DWI-SWAN mismatch and the final infarct lesion or the variables that affect clinical outcome were also evaluated.
MRI protocol
All patients underwent MRI studies on a 1.5-T MR system (Signa HDx; GE Healthcare, Piscataway, NJ, USA) with an eight-channel head coil. The imaging sequence and parameters were as follows: For SWAN: repetition time (TR) 63. 
Statistical analysis
Data were presented as medians (interquartile range: 25-75th percentiles). The significance of intergroup differences was assessed using Fisher's exact test for categorical variables and the Mann-Whitney U test for continuous variables. The consistency of individual observations was evaluated by kappa (κ) statistics [13] . Spearman's rank correlation test was used to evaluate relations between variables across the groups. Statistical significance was defined as P < 0.05. No corrections were made for multiple comparisons because comparisons of mASPECTS were interpreted as exploratory analyses.
Results
In all, 35 patients (median age 77 years, 16 men) met the criteria of our study. Cardioembolic stroke was observed in 26 patients and atherothrombotic stroke in 4. The other stroke etiologies were unknown. ICA occlusion was found in 13 patients and M1 occlusion in 22 patients. The median in-hospital National Institutes of Health Stroke Scale score was 16, and median times from onset to emergent destination and from onset to initial MRI were 89.0 min and 56.0 min, respectively. Intravenous tissue plasminogen activator was administered in 22 patients, and endovascular therapy was performed in 19 patients: mechanical thrombectomy in 14 patients, intra-arterial thrombolysis in 4 patients, and percutaneous transluminal angioplasty in 1 patient. Overall, recanalization was achieved in 23 (65.7%) patients.
Basic characteristics between the recanalization and no recanalization groups are shown in Table 1 .
The proportion of patients who underwent endovascular treatment in the recanalization group was significantly larger than that in the no recanalization group (P = 0.012) ( Table 1 ). There were no significant differences for any of the other patients' characteristics between the groups (Table 1) . This evaluation by two observers showed moderate inter-rater agreement (κ = 0.54).
Assessment of imaging
The initial median SWAN-based mASPECTSs of 2 (0-3) in the recanalization group and 1 (0-2) in the no recanalization group were significantly lower than the follow-up median SWANbased mASPECTS, regardless of recanalization: 5 (3-7) in the recanalization group (P = 0.001) and 3.5 (0.5-5.5) in the no recanalization group (P = 0.045) (Fig 2A) . The follow-up median DWI-based mASPECTS of 1.5 (0.25-2.75) was significantly lower than the initial median DWI-based mASPECTS in the no recanalization group of 4 (2.25-6.00) (P = 0.018) and the median follow-up DWI-based mASPECTS in the recanalization group of 3 (2.00-6.00) (P = 0.037) (Fig 2B) . The initial median SWAN-based mASPECTS and the follow-up median DWI-based mASPECTS in the atherothrombotic stroke group of 4 (2.25-5.00) and 6 (2.75-7.00), respectively, were significantly higher than the corresponding scores in the cardioembolic stroke group of 1.5 (0-2.00) and 2.5 (1.00-4.00) (P = 0.017 and P = 0.042, respectively) (Fig 2C and 2D ). In the cardioembolic stroke group, the initial median SWAN-based mAS-PECTS of 1.5 (0-2.00) was significantly lower than the follow-up median SWAN-based mAS-PECTS of 4 (1.75-5.25) (P = 0.0008). In the cardioembolic stroke group, the initial median DWI-based mASPECTS of 4.5 (3-6) was significantly higher than the follow-up median DWIbased mASPECTS of 2.5 (1-4) (P = 0.0064). Of 12 patients showing no recanalization, DWI-SWAN mismatch was significantly correlated with infarct growth (R 2 = 0.62, P = 0.0025) (Fig 3A) . In contrast, patients who showed recanalization showed no correlation between mismatch and infarct growth (R 2 = 0.031, P = 0.42) (Fig 3B) .
Assessment of clinical outcome
With regard to functional outcomes, the median mRS score at 90 days was lower in the recanalization group than in the no recanalization group: 2 (1.00-5.00) vs. 5 (4.00-5.25) (P = 0.0002). The favorable outcome rate was significantly higher in the recanalization group than in the no recanalization group (78.9% vs. 9.1%, P = 0.004) (Fig 4A) . The follow-up DWI-based In the recanalization (R) and the no recanalization (NR) groups, the initial score was significantly lower than the follow-up score. B. Differences according to recanalization in the diffusion-weighted imaging (DWI)-based mASPECTS. The initial score was significantly higher than the followup score in the NR group, but initial and follow-up scores in the R group were not significantly different. When comparing follow-up scores, those in the R group were significantly higher than those in the NR group. C. Differences in the SWAN-based mASPECTS, by stroke etiology. The initial cardioembolic stroke (CE) group score was significantly lower than the initial atherothrombotic stroke (AT) group score. D. Differences by stroke etiology in the DWI-based mASPECTS. The follow-up CE group score was significantly lower than the follow-up AT group score. Mann-Whitney U test:
Ã P < 0.05, ÃÃ P < 0.01.
https://doi.org/10.1371/journal.pone.0195554.g002
Assessment of penumbra from the venous side mASPECTS was significantly correlated with the mRS score at 90 days (R 2 = 0.43, P < 0.0001) (Fig 4B) . The patient's age was significantly correlated with the mRS score at 90 days (R 2 = 0.24, P = 0.006) (Fig 4C) . The variables related to favorable outcome at 90 days after stroke in the univariate analysis were younger age (<80 years), follow-up DWI-based mASPECTS, recanalization, and endovascular treatment. The results of the multivariate logistic regression analysis revealed that follow-up DWI-based mASPECTS [odds ratio 3.15; 95% confidence interval 1.25-15.77; P = 0.010] was independently associated with a favorable outcome at 90 days after stroke ( Table 2) .
Discussion
We learned from this study that (1) the initial SWAN-based mASPECTS was higher in the atherothrombotic stroke group than in the cardioembolic stroke group; (2) DWI-SWAN mismatch predicted infarct growth without acute recanalization; and (3) follow-up DWI-based mASPECTSs were independently associated with a favorable outcome at 90 days after the stroke.
PET showed that misery perfusion caused by intracranial artery occlusion is a condition characterized by an increased brain oxygen extraction fraction (OEF) [14] [15] [16] [17] . An increased OEF increases deoxyhemoglobin in the ischemic brain and decreases oxyhemoglobin in venous blood. In an ischemic brain caused by intracranial artery occlusion, a slow-flow state may also contribute to increased deoxyhemoglobin [18] . Decreased OEF indicates irreversible tissue damage [14] . Increased OEF has a risk of progressing to infarction but is salvageable with reperfusion [14] . SWAN is an MRI sequence that is sensitive to paramagnetic substances, such as deoxyhemoglobin. Deoxyhemoglobin is thus a naturally occurring contrast agent for SWAN, specifically termed blood oxygenation level-dependent (BOLD) contrast, which can detect hypointensity in SWAN [19] . In patients with AIS suffering from major vessel occlusion, an increased BOLD effect is believed to reflect an increase in OEF with reduced cerebral blood flow [20] . In fact, the magnetic susceptibility of blood scaled linearly with blood oxygen saturation [21] and asymmetrically prominent cortical veins seen by SWI correspond to reduced levels of oxygen [22] . SWAN after an acute intracranial ICA or M1 occlusion clearly identifies veins with an increased rate of deoxyhemoglobin/oxyhemoglobin as exhibiting hypointensity due to increased OEF-like conditions. Therefore, lesions that SWAN shows have venous hypointensity appear to have viable, salvageable tissue. Perfusion CT or MRI with contrast media differ. Perfusion images show blood flow but do not always indicate viable tissue. Therefore, it has also been reported that the accuracy of SWI-DWI mismatch for predicting favorable outcome was higher than that of perfusion-weighted imaging (PWI)-DWI mismatch [23] . Although PET is one of the gold standard modalities that can indicate viable tissue, these examinations are time-intensive, and the equipment involved is expensive. In patients with AIS, a rapid examination time and immediate reperfusion are required, rendering PET unsuitable. Our method may be applicable to patients with AIS for identifying lesions containing viable tissue without using contrast media as it involves less examination time than perfusion imaging or PET. Analysis of the DWI-based mASPECTS revealed that acute recanalization prevented infarct growth. Although the initial SWAN-based mASPECTS was significantly lower than the follow-up SWAN-based mASPECTS in both the recanalization and no recanalization groups, the mechanisms likely differ from each other. On the initial MRI, the area with DWI-SWAN mismatch might have imperceptible blood flow from poor leptomeningeal collateral flow. Therefore, the cortical vein or medullary vein was prominent in the area. In the recanalization group, reperfusion during the acute phase reduced the ischemic penumbra, thus potentially decreasing the rate of deoxyhemoglobin to oxyhemoglobin at the time of the follow-up MRI. In contrast, in the no recanalization group, oxygen uptake might have been decreased because of infarction of the affected tissue. However, imperceptible blood flow might have remained in the area. This situation might be similar to that of luxury perfusion. The deoxyhemoglobin-tooxyhemoglobin conversion rate would not increase enough to show prominent hypointensity of the vein by follow-up MRI. In addition, brain edema caused by infarction might affect higher follow-up SWAN-based mASPECTS in the no recanalization group compared with the initial SWAN-based mASPECTS [24] . Both of these mechanisms would decrease a lesion's cortical venous hypointensity in follow-up SWAN. With regard to stroke etiology, susceptibility vessel signs picked up on SWAN appear useful for distinguishing between cardioembolic and atherosclerotic in situ stenosis/occlusion [25] . Therefore, the initial SWAN-based mAS-PECTS might help when considering stroke etiology. We found that there was a significantly higher initial SWAN-based mASPECTS with atherothrombotic stroke than with cardioembolic stroke. In atherothrombotic stroke, the major artery becomes gradually constricted such The rate of patients with a favorable outcome (mRS scores of 0-2) in the recanalization (R) group was significantly higher than that in the no recanalization (NR) group (78.9% vs. 9.1, P < 0.01). B. Follow-up diffusion-weighted imaging (DWI)-based mASPECTS was significantly correlated with the mRS score 90 days after stroke (R 2 = 0.43, P < 0.01). C. Patient's age was significantly correlated with the mRS score at 90 days after stroke (R 2 = 0.24, P < 0.01).
https://doi.org/10.1371/journal.pone.0195554.g004 that collateral flow could develop [26] . Therefore, even if the artery is occluded, the volume of ischemic penumbra would be small and the mASPECTS of the initial SWAN would be higher because of good collateral flow. The DWI-SWAN lesion mismatch seen on the initial MRI in our study was strongly correlated with new infarct lesion growth in patients with no recanalization. In contrast, when recanalization was achieved during the acute phase, there was no correlation between the DWI-SWAN lesion mismatch and infarct lesion growth. Kaya et al. reported that the lesion volume of multiple hypointense vessels on T2 Ã MRI at 3 T was correlated with infarct volume at 72 h and with PWI lesion volumes with a prolonged mean transit time, delayed time to peak, decreased relative cerebral blood flow, and increased relative cerebral blood volume [7] . Luo et al. reported that SWI-DWI mismatch was positively correlated with the DWI-mean transit time mismatches [27] . Kao et al. reported that the SWI-DWI mismatch predicted infarct growth without reperfusion and that SWI could be used to assess penumbra [6] . Lou et al. reported that the presence of an SWI-DWI mismatch predicted a favorable outcome by reperfusion or recanalization [23] . In our study, lesions with a DWI-SWAN mismatch during the hyperacute phase shown by MRI were considered for salvaging lesion tissue by acute recanalization and for identifying ischemic penumbra-like lesions. We believe that the DWI-S-WAN mismatch is a positive indicator when considering recanalization treatment for patients with AIS. The results of the DAWN trial and DEFUSE 3 required assessment of residual ischemic penumbra [3, 4] . Although an MRA-DWI mismatch and PWI-DWI mismatch would be useful for assessing ischemic penumbra in the hyperacute phase, especially <6 h from onset [28, 29] , a DWI-SWAN mismatch might provide helpful information concerning residual ischemic penumbra during the acute phase (i.e., >6 h from onset).
Follow-up DWI-based mASPECTS were significantly correlated with the mRS score 90 days after stroke, and follow-up DWI-based mASPECTS was independently associated with favorable outcomes 90 days after stroke. There was no correlation between the follow-up DWI-based mASPECTS and the onset-to-recanalization time in the recanalization group. Embolization into new territory might affect lower follow-up DWI-based mASPECTS. The prevention of such embolization would be needed [30] .
Although age < 80 years was not independently associated with a favorable outcome at 90 days, the patient's age was significantly correlated with the mRS score 90 days after stroke. Patient's age also affected the clinical outcome. This finding was consistent with previous reports [31, 32] . Aging was reported to not only reduce the number of stem cells but also stem cell function, including proliferative activity and trophic factor secretion from stem cells [33] [34] [35] . Also, the capacity of neurogenesis in older rats was reported to be lower than that in young adult rats after ischemic stroke [36] . Not only the higher burden of comorbidities and complications after stroke but also the lower regenerative capacity in elderly patients would affect decreased functional recovery after stroke compared with that of young patients [32] .
Our study has several limitations. First, there is no protocol concerning oxygen inhalation. Oxygen inhalation decreases the deoxyhemoglobin/oxyhemoglobin ratio. Therefore, the hypointensity seen by SWAN can easily disappear. Because some of our patients were on oxygen inhalation, some affected lesions might have been underestimated. Second, we could not compare lesions of DWI-SWAN mismatch with ischemic penumbra as indicated by PWI, single photon emission CT, or PET. Third, we did not rate basal ganglia complex (I, C, L, IC) infarction by mASPECTS because it was difficult to evaluate the deep drainage pattern in the basal ganglia complex [10] . Fourth, SWAN provides relatively poorer contrast and spatial resolution than MRA or CTA using contrast media, so it is difficult to evaluate the collateral supply with SWAN alone. Fifth, we could not perform a quantitative evaluation of the hypointense areas in medullary or cortical veins seen with SWAN. In the clinical setting, it is most important to evaluate an ischemic penumbra rapidly. ASPECTS-DWI is a well-known means to evaluate infarction areas. Thus, we used mAPECTS to evaluate the hypointense areas of medullary or cortical veins seen with SWAN [6, 10, 27] . Furthermore, this method would be useful for assessing areas where reperfusion is needed for endovascular therapy. Quantitative evaluation of hypointense areas in medullary or cortical veins by SWAN would provide more reliable information. Although Lou et al. evaluated the hypointense area in medullary or cortical veins by measuring the pixel number [23] , it might be necessary to comprehensively take the susceptibility value, the number of prominent hypointensity vessels, and the prominent hypointensity vessel size into consideration to evaluate perfusion insufficiency. New methods that are simple and take less time need to be developed. Sixth, the sample size was small in our study, which might have affected the statistical analysis. Therefore, further investigation on a larger sample size is required.
In conclusion, our study suggests that the DWI-SWAN mismatch in 1.5-T MRI can identify ischemic penumbra-like lesions in patients with AIS and acute major vessel occlusion. Additionally, this mismatch may indicate the extent to which lesions without acute recanalization progress to infarction. SWAN would also be of some help to diagnose the stroke's etiology. Assessment of ischemic penumbra-like lesions from the venous side by SWAN is highly useful, with no need for contrast media.
